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We review the status of hard interactions, in particular of jet and heavy flavor pro-
duction, at HERA and LEP. Emphasis is given to recent theoretical developments.
Instantons, event shapes, and prompt photons are also briefly discussed.
1 Introduction
DESY 01-089
hep-ph/0106274
At the DIS 2000 conference in Liverpool, a large variety of perturba-
tive QCD calculations for jet and heavy flavor production was confronted
with experimental data from HERA, LEP, and the TEVATRON. In many
cases, though not all, reasonable agreement between theory and experiment
was found, thus constituting a successful test of QCD as the theory of
strong interactions. The further reaching goals of extracting and testing the
non-perturbative fundamental parameters of this theory were, however, not
reached at the same level. Considerable room for improvement was left for the
determination of the strong coupling αs(Q
2), the hadron and photon fragmen-
tation functions, and the structure functions of the proton and in particular of
the photon. Experimental results for the polarization of the J/Ψ charmonium
shed new doubt on the theory of heavy quark-antiquark bound states, Non-
Relativistic QCD (NRQCD), and the precise values of its non-perturbative
operator matrix elements remained unclear. In many cases DIS 2000 had to
leave as desiderata the reduction of the experimental and theoretical uncer-
tainties, in particular in the hadronic energy scale and in the dependence on
the renormalization and factorization scales. 1
The experimental errors can often be reduced by considering rates instead
of absolute cross sections. Theoretical progress is harder to reach and requires
tedious next-to-leading order (NLO), next-to-next-to-leading order (NNLO),
and resummed calculations and may also necessitate the inclusion of power
corrections. Sufficient theoretical interest is thus mandatory for precise de-
terminations of parton densities etc., which also form the basis for reliable
estimates of signals and backgrounds of physics beyond the Standard Model.
In this paper we review progress along these lines at and prior to the DIS
2001 conference in Bologna. The paper is organized from the general to the
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Figure 1. Dependence of the shape normalized distributions of the six H1 instanton observ-
ables on the low-Q2 portion of the spectrum. The shaded distributions are obtained with
an additional cut x ≥ 0.15. 3
detailed features of the hadronic final state. In Sec. 2, the current status of in-
stantons and event shapes is discussed. Sec. 3 summarizes recent progress for
jet production and Sec. 4 for prompt photon production. Open and bound-
state heavy flavor production is discussed in Sec. 5, and Sec. 6 contains a brief
summary.
2 Instantons and Event Shapes
At DIS 2000 a first dedicated search for instantons was presented by the H1
collaboration. It yielded an excess of 549 observed events over 435+36−22 and
363+22−26 events expected from matrix elements plus parton showers (MEPS)
and the color dipole model (CDM). 2 Four of the six observables agreed in
shape with the expected instanton signal, but the two distributions in the
transverse energies of the instanton band (Etb) and of the current jet (Etjet)
deviated. The discrepancy could now be traced back to the fact that a fiducial
cut on x ≥ 0.15, which depletes the theoretically unreliable low Q2 region, was
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Figure 2. One-σ confidence level contours from fits to event shape variables in the default
(a) and E-scheme (b) at the normal hadron level, and in the E-scheme corrected to the
resonance level for light (c) and light plus heavy (d) quarks. 4
missing in the experimental analysis. 3 As can be seen in Fig. 1 this affects
exactly the two transverse energies Etb and Etjet, which should agree better
in shape with the data if the cut x ≥ 0.15 is implemented.
The event shape variables thrust T , jet mass ρ, jet broadening BT and
BW , and the C-parameter provide a means to describe general features of
a multi-particle hadronic final state in e+e− annihilation. The dominant
contributions from low multiplicities can be calculated perturbatively, but
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Furthermore, we restrit the (pseudo)rapidity-range in
the laboratory frame and the minimum transverse energy
of the jets in the Breit frame as
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with N
f
= 5 avors. For the leading order results we
used the CTEQ5L distributions and the one-loop 
s
(
s
(M
Z
) = 0:127=2 and 
1
= 0 in Eq. (5)). We used
running MS eletromagneti oupling at the sale of the
virtual photon momentum squared. In order to show
the weak dependene on the parton distribution fun-
tions, we plotted the perturbative preditions also using
the MRST99 parton distribution funtions [17℄ (dashed
lines). There is no LO t in the MRST99 set, therefore,
in this latter ase the LO urve is missing.
FIG. 1. The perturbative predition for the three-jet ross
setion 
3jet
(f
ut
) as a funtion of f
ut
. The solid lines were
obtained using the CTEQ5 parton distribution funtions and
the dashed lines with the MRST99 set.
The inset in Fig. 1 shows the K fator (ratio of the
three-jet ross setion at the NLO to that at the LO a-
uray), indiating the relative size of the orretion. The
K fator exhibits a lear maximum, where the orretion
is more than 100% and beomes smaller than one, imply-
ing negative orretion, for f
ut
< 0:2. The position and
height of the maximum as well as that of the pointK = 1
depends on the lower limit on the Q
2
range. For instane,
inreasing the lower limit from 5GeV
2
to 100GeV
2
, the
point K = 1 moves to about f
ut
= 0:03. Negative NLO
orretion indiates that the resummation of large loga-
rithms is neessary in order to obtain a reliable predition
for smaller values of the stopping parameter.
In Fig. 2 we study the sale dependenes of the three-
jet ross setion at a xed value of the resolution param-
eter f
ut
= 0:2. The strong dependene on the renor-
malization sale observed at LO is signiantly redued.
The fatorization sale dependene is already not signif-
iant at LO and does not hange muh. Setting the two
sales equal, 
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peaking near  = Q
H:S:
.
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
2/Q2H.S.
0.14
0.16
0.18
0.2
0.22
3+
1(f
cu
t
=
0.
2)
[n
b]
k algorithm
F
2
=
2 & R2 = Q2H.S.
R
2
=
2 & F2 = Q2H.S.
R
2
= F
2
=
2
NLO
LO
FIG. 2. The dependene of the three-jet ross setion 
3jet
at the xed value of f
ut
= 0:2 on the renormalization and
fatorization sales.
The rst measurement of the three-jet ross setions
in DIS was presented by the H1 ollaboration in Ref. [5℄.
They used the inlusive k
?
algorithm to dene the jets
(the preise denition is given in Ref. [18℄), seleted three-
jet events and plotted dierential distributions of ertain
kinematial variables. We omputed the same distribu-
tions at the LO and NLO and ompared to the published
data orreted to parton level. In Fig. 3 we present the
d
3jet
=dQ
2
dierential distribution. We observe that the
LO predition has a dierent shape than the data: too
low for small values of Q
2
and too high at high values
of Q
2
. The radiative orretions bring theory and ex-
periment muh loser. Taking the hadronization orre-
tions into aount, the NLO predition gives a remark-
3
Figure 3. Scale dependence of the NLO three-jet cross section in DIS. 10
these calculations become sensitive to hadronization and power corrections at
the edg s of phase space. A univ rsal description of th ev nt shape variables is
possible with the help of the running strong coupling αs(Q
2) and its effective
value in the infrared regime α0. Recently the event shape variables have
been shown to depend on the particle masses and thus on their definitions in
terms of momenta (p-scheme) or energies (E-scheme) and also on the decay
level of the particles (resonance or decay). 4 In the E-scheme mass effects are
absent and, as Fig. 2 demonstrates, the uncertainties in the αs(Q
2) and α0
deter inations from different event shape variables are r duced.
Similar event shape variables can be defined in deep-inelastic scattering,
where non-global observables require special care in resummed calculations
due to soft emission between hemispher s. 5 A discrepancy in the thrust dis-
tribution dσ/dτz between the perturbative DISENT
6 prediction on the one
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Figure 4. The NLO dijet photoproduction cross section as a function of the observed mo-
mentum fraction of the partons in the photon compared to ZEUS and OPAL data. 17,18
hand and the DISASTER++ 7 and resummed results on the other hand,
which was uncovered at DIS 2000, is unfortunately still unresolved. 8
3 Jet production in DIS, γp, and γγ
The strong coupling αs(MZ) can be determined in DIS not only in structure
function measurements, but also in jet production. Recent determinations
by the H1 and ZEUS collaborations are in good agreement with the world
average and have quite competitive error bars. 9 Both the experimental and
theoretical errors in these determinations could be reduced, since jet rates were
analyzed instead of absolute jet cross sections. Nevertheless, the uncertainty
in the H1 three-jet rate from the LO scale variation was still larger than
the sensitivity to αs(MZ). This could now be changed since a NLO three-
jet calculation in DIS has recently become available. 10 The calculation uses
helicity amplitudes, crossed from the result e+e− → 4 jets, which have been
calculated by several groups, and it has been numerically checked against the
NLO dijet result of DISASTER++. 7 How much the NLO corrections reduce
the scale dependence can clearly be seen in Fig. 3.
For jet production in photon-proton collisions three different NLO cal-
culations have become available over the last years. 11,12,13 Although they
use different phase-space slicing and subtraction techniques, they agree well
within the numerical accuracy. 14 Now a fourth NLO dijet calculation has be-
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Figure 5. The NLO dijet photoproduction cross section with a leading neutron as a
function of the observed momentum fraction of the partons in the pion compared to ZEUS
data. 19
come available which uses a phase space slicing technique in transverse energy
ET and jet radius R.
15 This calculation has also been found to agree with the
calculation by Klasen and Kramer. 11 Furthermore it has confirmed previous
observations that dijet cross sections defined with an identical cut on both
jet transverse energies are infrared sensitive due to incomplete cancellations
of virtual and real corrections. 16 In addition, Aurenche et al. remark that
this sensitivity propagates into the variable xobsγ =
∑
i=1,2 ET,ie
−ηi/(2Eγ)
and propose to replace the transverse energy of the second jet by that of the
first jet. However, this prescription still does not cure the (integrable) singu-
larity at xobsγ = 1 so that it remains necessary to choose a large bin width
in xobsγ . This is demonstrated in Fig. 4, where recent ZEUS data
17 with a
bin width of 0.2 and OPAL data 18 with a bin width of 0.1 are compared to
NLO QCD predictions using AFG and GRV photon densities. At small xobsγ ,
both experiments find lower cross sections than suggested by the used photon
densities.
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Figure 6. Intrinsic kT in prompt photon production at various hadronic energies W .
23
At HERA jets can be produced in photoproduction in association with
a leading neutron. If the energy transfer between the proton and neutron is
small, the cross section is dominated by virtual pion exchange and the dijet
cross section can be used to determine the parton densities in the pion. 19 In
Fig. 5 the NLO dijet photoproduction cross section with a leading neutron
is shown as a function of the observed momentum fraction of the partons
in the pion. Unfortunately, equal cuts on ET have been used in the ZEUS
measurement 20, but the SMRS3 21 pion densities seem to agree better with
the data than the GRS 22 densities.
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Figure 7. Direct J/Ψ production in photon-photon collisions as a function of ET . The real
corrections are large at large ET , where the uncertainty from the invariant mass regulator
is reduced. 27
4 Prompt photons in photoproduction
Prompt photon production is known to suffer from uncertainties due to frag-
mentation contributions, isolation ambiguities, and possibly intrinsic trans-
verse momenta of the scattering initial partons. ZEUS have analyzed prompt
photon photoproduction and observed an excess over the LO QCD expecta-
tion in the p⊥, p‖, and ∆φ distributions.
23 They have then attributed these
effects to an effective 〈kT 〉 of 1.69 ±0.18
+0.18
−0.20 GeV, which includes effects com-
ing from the initial-state parton showering as modelled within PYTHIA. This
value of 〈kT 〉 seems to be consistent with determinations in hadron collisions
at different energies (see Fig. 6), which are, however, obtained using a variety
of methods. The data could not yet be confronted with a complete NLO QCD
calculation 24 or resummed QCD results. Such a comparison will be compli-
cated by the fact that equal cuts on the transverse energies of the photon
paper: submitted to World Scientific on November 19, 2018 8
H1 preliminary
W [GeV]
dσ
v
is(e
p→
D
*
X
)/d
W
 [n
b 
G
eV
-
1 ]
CASCADE
HVQDIS
0
0.02
0.04
0.06
0.08
100 150 200 250
ptD* [GeV]
dσ
v
is(e
p→
D
*
X
)/d
p t 
[n
b 
G
eV
-
1 ]
CASCADE
HVQDIS10
-1
1
10
1 10
log(x)
dσ
v
is(e
p→
D
*
x
)/d
log
(x)
 [n
b]
CASCADE
HVQDIS
0
2
4
6
8
-5 -4 -3 -2
ηD*
dσ
v
is(e
p→
D
*
X
)/d
η 
[n
b]
CASCADE
HVQDIS
0
1
2
3
4
-1 0 1
Q2 [GeV2]d
σ
v
is(e
p→
D
*
X
)/d
Q2
 
[n
b 
G
eV
-
2 ]
CASCADE
HVQDIS10
-2
10
-1
1
1 10 10 2
zD*
dσ
v
is(e
p→
D
*
x
)/d
z D
* 
[n
b]
CASCADE
HVQDIS
0
5
10
15
20
25
0 0.2 0.4 0.6 0.8 1
Figure 8. Preliminary H1 data on D∗ production in DIS, compared to the NLO QCD
calculation HVQDIS and the CASCADE Monte Carlo. 30
and recoiling jet have been used (ET > 5 GeV). Nevertheless, the ZEUS data
seem to support the trend that the effective 〈kT 〉 in the proton rises with the
available hadronic energy.
5 Heavy flavor production
The production of heavy quark-antiquark bound states is described by the
effective field theory of Non-Relativistic QCD (NRQCD). It predicts the
production of intermediate color-octet bound states, which transform non-
perturbatively into the observed color-singlet quarkonia by soft gluon radia-
tion. The color-octet mechanism is clearly needed to describe the transverse
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momentum spectra of J/Ψ and Ψ′ mesons at the TEVATRON. However, re-
cent ZEUS data confirm that it is not needed in photoproduction, where the
NLO color-singlet prediction is fully sufficient to describe the data. 25 To clar-
ify the situation NLO corrections have to be included in other quarkonium
processes like photon-photon collisions. In this case direct, single-resolved,
and double-resolved processes contribute at large, intermediate, and small
pT .
26 The real corrections to the direct channel have recently been calculated
27 and are shown in Fig. 7. At large pT they increase the direct LO cross
section by about an order of magnitude.
Open charm production has been measured in DIS by the ZEUS and H1
collaborations. While ZEUS find good agreement in theQ2 and x distributions
28, H1 see an excess over NLO QCD predictions 29 using GRV parton densities
and the Peterson fragmentation function at small pT and forward rapidities η
(see Fig. 8). 30 Unfortunately the data are not sensitive enough to distinguish
between different fixed and variable flavor schemes. 31
A particularly interesting topic is the bottom cross section, which is in
excess over massive QCD predictions in hadron-hadron, photon-hadron, and
photon-photon collisions (see Fig. 9 for the HERA results). 32,33 Different
explanations can be found for this excess ranging from light bottom squarks
and gluinos 34 to resummed calculations in the massless evolution scheme 35
and unintegrated gluon densities. 36
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6 Summary
In summary, perturbative and non-perturbative QCD continues to be a chal-
lenge in hard interactions, jet and heavy flavor production. In many cases it is
the theoretical error which is now dominating and requires a substantial effort
in multi-particle NLO, NNLO, and resummed calculations. The most chal-
lenging discrepancies consist in the bottom cross section and in quarkonium
production, where the universality of NRQCD and its color-octet mechanism
are seriously challenged from the persisting TEVATRON-HERA anomaly.
After the luminosity upgrade HERA II will be the only European collider
producing new data on high Q2 and E2T jet production, bottom differential
cross sections and decays, and it will have an increased discovery reach for
physics beyond the Standard Model. At higher energies, jet and heavy flavor
production could be studied at a future THERA collider. 37
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